Considering the wide applications of composite material, it is crucial to understand the corresponding damage mechanisms and mechanical response during the loading process. To achieve this aim, a mesoscale modelling strategy has been employed to provide these details. The voxel mesh and volume mesh are two types of commonly-used mesh morphologies to build a mesoscale Finite Element (FE) model. However, during the establishment of a FE mesoscale model, the effect of unit cell section, mesh size and mesh morphology on the simulation results is rarely analysed in a comprehensive way. In the present work, FE models with various mesh morphologies, unit cells and mesh sizes were built for a glass-fibre woven composite. Parametric analysis was performed under tensile and shear loading conditions and the simulation results were compared based on test data. Further, guidance about the selection of the mesh morphology, unit cell and mesh size were provided for the establishment of a mesoscale model of woven composites.
| INTRODUCTION
Although composites have outstanding mechanical performance like high strength, high stiffness and light weight, etc., their damage accumulation process is complicated due to the anisotropy and heterogeneity. To replicate and further understand the different damage mechanisms of composites, a mesoscale model in Finite Element (FE) method is an effective approach for woven composites with a complex fibre architecture. However, there are many modelling parameters that can affect the simulated results, such as the selection of the mesh morphology, unit cell and mesh size, which have not yet been comprehensively investigated.
Regarding the mesh morphology for mesoscale modelling, the voxel mesh is one of the most popular available mesh morphology because of its simple mesh generation on the fibre architecture inside composites. 1, 2 Additionally, a volume mesh with tetrahedral elements can also generate the detailed geometry of the composite, especially for some complicated structures, such as braided composites 3 and materials with small voids. 4 The prediction on the mechanical properties of composites with a volume-mesh model has been proven to match well with experimental data. [5] [6] [7] However, it remains a challenge to a generate model with an accurate volume mesh in view that a precise scanner, reproducing software and detailed discussion on the convergence of mesh morphology are always required. [4] [5] [6] Generally, models with volume and voxel mesh both produce comparable results, but a detailed comparison between these two methods would provide guidance for the selection of the mesh morphology under different loading conditions. Doitrand et al 8 proposed that the volume mesh is suitable for damage localization by comparing the simulation results of the elastic behaviours of the woven composite using two types of mesh morphologies. However, the limited loading condition and different mesh sizes were considered in their work and need to be further investigated.
In terms of the selections of the unit cell, there are fewer types for plain woven composites than braided composites. 3, 9 However, still several different unit cells can be considered, 1,10 so a discussion about the selection of the unit cell is needed to advance an accurate application. Additionally, as a typical FE method, meso-scale modelling also depends on the mesh size, however the analysis of the mesh size is rarely mentioned in the literature with respect of meso-scale modelling approach. Therefore, the effect of the mesh size required detailed analysis a reliable mesoscale modelling strategy.
The objective of the present study is to investigate the effects of mesh morphologies, unit cell, and mesh size sensitivity with regards of meso-scale modelling approach of a composite material. FE models on both tensile and shear behaviours of woven composite, manufactured by R-glass fibre and epoxy Ampreg 26, were built in LS-DYNA. Through the stress-strain curves and the damage onset, these parameters were discussed in detail and guidance for meso-scale modelling were further provided.
| MESH MORPHOLOGY
To investigate the effect of the mesh morphology, the comparison between the voxel and volume mesh, two of the most popular ones, was conducted through FE models as shown in Figure 1 (a). The voxel mesh with fully integrated quadratic 8 node solid elements (ELFORM = 2 in LS-DYNA) was employed and the simplified step-like outline of fibre yarn leads to an easy mesh generation, while the volume mesh can exactly describe the geometry of the composite, which is also the reason for employing the tetrahedron element (ELFORM = 17 in LS-DYNA), leading to a designed weight fraction of the fibre, being 73%. But the voxel mesh may entail a negligibly reduced weight fraction of fibre, 72.8% in the present work, because of the simplification of the geometry for the easy mesh generation. Herein, to compare these two mesh morphologies,~50000 elements models were used for each model to eliminate the effect of the element number.
With regards to the material model, the mechanical behaviours of both the yarn and matrix were described by MAT_ELASTIC (MAT_001), while their failure were defined through ADD_EROSION (MAT_000) in LS-DYNA by an equivalent threshold strain (for the matrix) and a maximum principal stress (for the fibre yarn) as reported in Table 1 .
In the present FE model, CONSTRAINED_NODE_SET in LS-DYNA was used to guarantee the same displacement for all nodes in the same surface boundary to achieve the periodic boundary condition and uniform loading. AUTOMATIC_SURFACE_TO_SURFACE_TIEBREAK with normal and shear strength equal to 27.6 and 10.3 MPa was employed to mimic the bond between the fibre and matrix. Tension and shear behaviours were achieved by displacement loading as presented in Figure 1 
The simulated results under tensile and shear loading conditions compared with the experimental data 1 are presented in Figure 2 . Herein, the experimental data are reported by a grey area considering the experimental spread. Through the tensile simulation, the elastic modulus from both models corresponds with the experimental data, while the strength provided by the voxel mesh is closer to tested results than the strength provided by volume mesh. Regarding shear issues, a similar trend is visible: the stress from volume mesh is lower than that from the voxel mesh after the matrix cracks, while the shear modulus is equal. Additionally, it should be noted that the shear modulus was calculated at the beginning of the shear stress-strain curves prior to debonding. The mesh morphology is the cause of the lower stress provided by the volume mesh than by voxel mesh because element deletion is prone to occur on volume mesh near the edge of the geometry due to the distortion of its element. Moreover, it is of interest to obtain a similar damage history from both models. Almost all modes of damage, i.e. debonding, matrix cracking and fibre breaking, occur at the same strain, indicating the prediction about the damage history are reliable from both models. The onset of debonding and matrix cracking can cause a tiny slope change, while fibre breaking leads to the peak stress under tension loading, which stands in good agreement with the description by Doitrand et al. 8 Regarding the computational efficiency, the volume-mesh model took 112 min while the highly efficient voxel-mesh model took only 53 min with 4 CPUs (I7-875 K 2.93 GHz 4 core/8 threads -16 GB RAM). The negative volume and T A B L E 1 Material properties of fibre and matrix R-glass fibre 11 Epoxy Ampreg 26 12 Elastic element distortion witnessed in the volume-mesh model increase the calculation time. Additionally, it can be suggested that changing the element deletion mode may help reduce the element distortion.
| SELECTION OF THE UNIT CELL
For woven composites, there are mainly two types of unit cells (see cell-A and cell-B in Figure 3 ). Through loading periodic boundary conditions, both unit cells can represent the whole woven composite and be used to simulate the mechanical response under various loads. An extended unit cell FE model was also built for each selected case, i.e. cell-4A and cell-4B in Figure 3 , to assess their effect on output of simulations. Herein, the voxel-mesh model was employed for all simulations based on the previous discussion on the mesh morphologies.
The results for the unit cells under tensile and shear loading conditions are presented in Figure 4 and Figure 5 . The stress-strain curves under tension loading are similar for all models, especially nearly no differences between the unit cell and extended ones (cell-A and cell-4A, cell-B and cell-4B) are visible, as presented in Figure 4 . The failure phenomena in the final state is also presented, cracks from cell-4A/B can exactly match those from cell-A/B (shown in Figure 4 , different colours represent different exposed fibre yarns), indicating a good performance of the imposed boundary condition. However, the differences can be detected among the results from these unit cells under shear loading. As the matrix is the domain part carrying loads, the distribution of the matrix may affect the shear behaviour. For cell-A, the 
| MESH SIZE
To easily investigate the effect of mesh size in the voxel-meshed model, the geometry of the unit cell can be presented as Figure 6 . N x and N y are the number of elements along the in-plane directions, while the number of elements along the thickness is represented by N z . In the present study, N z is investigated showing that the parameter has a significant effect on the reconstruction of the FE model. As circled in Figure 6 , the geometry of the fibre tow is distorted by using 10 elements along the thickness, while it can be acceptable when N z = 20 and 30. As a result, there should be a threshold mesh size for the FE model to guarantee an acceptable geometry of the FE model. Different mesh sizes have been built in order to verify the effect of different mesh sizes along the thickness, along the in-plane direction and changing the size while keeping the aspect ratio. Stress-strain curves are presented in Figure 7 , which differ slightly between one another during the entire loading history. The application of a small-size element along the thickness leads to a strength reduction with a similar change in the slope strain (~1.3%), and there is a convergent trend for the strength with the same failure strain under shear loading. Identically, increasing the element number along both in-plane directions can reduce the strength in both tension and shear, while a convergent stress occurs only in the tensile conditions. Herein, the fine mesh along the thickness is particularly suitable for shear loading, while the small in-plane elements are helpful for the tensile simulation, as solely decreasing size along one direction may lead to an improvement of the element's aspect ratio, which can distort under loading in another direction and hinder accuracy enhancement conversely. With a constant element aspect ratio, a different mesh size is employed in the FE model. The results are shown in Figure 7 (c). The element size with N x = N y = 50, N z = 20 is regarded as 100% herein, so the 150% and 50% in the figure represent the mesh with larger and smaller element but same aspect ratio. Lower strength can be provided by a finer mesh owing to the effect of the kinetic energy on elements with same loading rate in explicit algorithm. 13 Considering the computational time, as shown in Table 2 , the efficiency can be much reduced with the fine mesh in the FE model. As reported in Figure 6 , a mesh that is too rough may fail to describe the geometry of tows, so the effect of the mesh size can be negligible if a good replication of tows is achieved, which should be fine enough, considering the acceptable results provided by the F I G U R E 7 Simulated results with a different mesh size along the thickness A, along the in-plane direction B, and changing size while keeping the aspect ratio C, under tension and shear different mesh sizes in Figure 7 . However, a too-fine-mesh model is not recommended because of the low computational efficiency.
| CONCLUSION
In the present work, the effect of the selection of the unit cell, mesh size and mesh morphology on the simulation of plain-woven composite with a voxel mesh has been discussed. The following main conclusions can be drawn: (i) The Voxel mesh provides higher stress compared with the volume mesh and shows good agreement with experimental data. (ii) Different unit cells have a limited effect on the simulation under tensile loading, but cell-B can provide lower shear strength than cell-A, and the computational efficiency can be extremely reduced by using the extended unit cell. (iii) Tiny difference can be found among the FE models with varied mesh sizes. The results are acceptable if the geometry of the unit cell can be guaranteed, but a finer mesh requires longer computational time.
Based on the conclusions obtained, some advice can be provided for the future construction of a mesoscale model: (i) The voxel mesh is recommended considering the mesh generation and computational issues. (ii) The extended unit cell is not recommended due to its long computational time. (iii) To predict the shear behaviour, the cell-B is good as it can expose the weak point under shear and provide a lower limitation on the shear strength for engineering applications, while the cell-A is helpful to investigate the mechanical response of the composite because of its replication of comprehensive shear behaviour. (iv) The mesh size is not influenced if the geometrical replication of the tow can be guaranteed since similar results can be obtained with varied mesh sizes. 
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